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ABSTRACT

Indicator models of sexual selection predict that ornaments may reliably advertise
male quality and in particular, viability. Songbird song is a well-studied ornament
used by females to evaluate potential mates. In this thesis I examine the reliability of
two different aspects of song, thought to develop over different timescales, in
indicating immune function of breeding male song sparrows [Melospiza melodia).
Immunity was assessed through multiple measures of constitutive innate immune
function. Overall, I observed a pattern of constitutive immunity that suggests withinsystem trade-offs. Moreover, this pattern was associated with measures of song
complexity. Male song sparrows with more complex song had significantly higher
levels of circulating protective proteins (natural antibody, haptoglobin and
lysozyme), but showed decreased levels and/or activity of peripheral blood cellular
immunity. I observed no significant association between measures of song
stereotypy and constitutive immune function. Ultimately, this study suggests that
song complexity (although not song stereotypy) may be associated with individual
variation in self-maintenance strategies, rather than a simple indicator of quality as
originally hypothesized.

Keywords:
Sexual selection, song complexity, song stereotypy, Melospiza melodia, constitutive
immune function, microbicidal assay, phagocytosis assay, protective proteins,
testosterone, life history, trade-offs
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1 Literature Review and Introduction
1.1 Sexual selection
Across animal taxa, many individuals display elaborate phenotypic traits that
confer no apparent survival advantage. Such traits may take the form of morphological
structures, plumage or soft tissue coloration, chemical signals, tactile signals, or
behavioural displays. These traits were first proposed by Darwin (1871) to be favoured
by sexual selection resulting from competition between members of one sex (usually
males) for access to members of the opposite sex (usually females), and are now referred
to as secondary sexual characters (Andersson 1994).
Runaway models o f sexual selection
Fisher (1930) developed a theoretical model in which female preferences for
elaborate male traits might evolve. In this model, some females in the population prefer a
male trait that is associated with a slight survival advantage. Subsequently, alleles
associated with the male trait and the female preference are inherited by offspring and
spread due to the enhanced survival of sons possessing the trait.

the allele for the

preference spreads, males possessing the trait also gain a mating advantage due to
correlated selection on females favouring the preference. The trait and the preference
continue to evolve, until the trait becomes so extreme that male survival is reduced to the
point of balancing the mating advantage (Fisher 1930). Extensions of this model (Lande
1981) show that genetic correlations can arise due to linkage disequilibrium between the
male trait and the female preference. This is based on the idea that females with the most
extreme preferences mate with males that display the most extreme traits. As such, these
individuals produce offspring that inherit alleles associated with the trait and alleles
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associated with the preference. This model is referred to as “runaway selection”. An
example of runaway selection was found for red colouration in male stickleback fish,
Gasterosteus aculeatus. Cross-breeding experiments revealed there exists a gene-level
correlation between female preference and the intensity of male’s red colouration
(Bakker 1993).
Indicator models o f sexual selection
Zahavi (1975) proposed another explanation for the evolution of mate preference
and male ornamentation, based on the idea that secondary sexual traits are costly to
produce or to express, and can decrease the survivorship of males bearing the traits. The
cost of producing an ornament functions as a “handicap” and, as such, only individuals of
superior quality are able to carry such a burden. Thus, the cost incurred by an elaborate
trait ensures its honesty in signaling the quality of the bearer (Zahavi 1975).
Andersson (1986) proposed a genetic model to explain the handicap principle in
terms of individual condition and viability. This model shows how male secondary sexual
characters can evolve based on male viability. This framework suggests that ornaments
are honest indicators of a male’s genetic quality because ornament expression depends
upon male condition (Andersson 1986). Importantly, for condition-dependent traits to
evolve, genes encoding the preferred male trait must be linked with genes that confer a
survival advantage (“good genes”). As ornament expression indicates the bearer’s
underlying genetic quality, this model is referred to as an “indicator” model of sexual
selection (Andersson 1994). Indicator models of sexual selection are widely supported
empirically (Hill 1991, Zuk and Johnsen 1998). In addition, maternal half sibling design
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experiments support the “good genes” theory of overall phenotype being an honest
indicator of male genetic constitution (Sheldon et al. 1997).
In many animal taxa, females choose mates based on condition-dependent
ornaments. In stickleback fish, male colouration varies based on condition, and as
previously mentioned, is used by females in mate selection (Milinski and Bakker 1990).
A classic avian example of condition-dependent ornamentation is provided by the tail
streamers of male long-tailed widowbirds, Euplectes progne (Andersson, 1982).
1.2 Sexual selection and infectious disease
With parasites accounting for an estimated 40% of all species on Earth (Dobson et
al. 2008), the ability to resist and recover from infectious disease is a critical selective
force acting on host individuals (Huff and Coulston 1946, Anderson and May 1979a, b).
Effects of parasitic infection on host fitness are well documented and range from
decreased expression of sexually selected traits such as song complexity (Spencer et al.
2005), through reduced fertility (Webster and Woolhouse 1999), and survivorship
(Daszak et al. 2003, Crosbie et al. 2008). Based on the strong selective pressures that
parasites impose on their hosts, combined with the heritability of self-maintenance
physiology and immunity (Gowen 1948), it is reasonable to expect that female
preferences for elaborate, condition-dependent male traits may benefit females by
allowing them to select disease-resistant males. In other words, condition-dependent male
ornamentation may be an honest advertisement of the bearer’s ability to resist or recover
from infectious disease (Hamilton and Zuk 1982). Female preferences for male traits that
are genetically correlated with parasite resistance can evolve provided the following
conditions are met: decrease of host ornamentation with increased infection; heritable
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variation in parasite resistance or immunity in general, and directional female preference
for highly ornamented males (Clayton 1991, Read 1988). Indeed, support for this
evolutionary process has been shown through empirical studies (Clayton 1990, Milinkski
and Bakker 1990, Zuk and Johnsen 1998). Moreover, Westneat and Birkhead (1998)
noted that condition-dependent ornaments may honestly advertise overall immune
function and thus reflect not just resistance to a specific parasite, but overall viability and
resistance to disease.
1.3 Multiple ornaments
Sexual selection for immune function and disease resistance can be further
complicated by the presence of multiple ornaments in many species. Animal signals are
often complex, and this is particularly true in the case of mating displays and other
sexually selected traits. In many species, males display multiple sexually selected traits to
which females may attend (Moller and Pomiankowski 1993). Using game theory
modeling, Johnstone (1995, 1996) established that receivers may indeed attend to
multiple traits in mate selection or other contexts, despite the increased cost associated
\

with this behaviour. Johnstone (1996) noted that multiple traits might provide either
redundant information on a single aspect of quality (Redundant Messages Hypothesis) or,
alternatively, each trait might provide information on a unique aspect of quality (Multiple
Messages Hypothesis). Stickleback fish provide an example of the latter. Kraak et al.
(1999) showed that male body size is correlated with paternal investment while red
coloration is associated with disease resistance. Another example is found in satin
bowerbirds, Ptilonorhynchus violaceus. Males of this species are ornamented with
ultraviolet blue plumage, and maintain adorned bowers, both of which are used by
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females in mate selection (Borgia 1986). Doucet and Montgomerie (2003a, b) found that
plumage color intensity was representative of blood-borne parasite load, while bower
quality was representative of ectoparasite load. These two examples show that multiple
male ornaments may convey multiple messages. Consistent with the redundant messages
hypothesis, however, different aspects of birdsong have been found to overlap in the
nature of the information they convey (MacDougall-Shackleton et al. 2009a).
Dynamic versus static ornaments
Different ornaments vary dramatically in the time course over which they are
developed and exhibited (Hill et al. 1999). At one extreme, ‘dynamic’ ornaments respond
very quickly to the bearer’s current condition. For example, chromatophore coloration
varies over the course of a few days to several weeks in guppies, Poecilia reticulata
(Kodric-Brown and Nicoletto 2001), and sticklebacks (Frischknecht 1993). Other traits
are intermediate in terms of permanence, such that once developed their expression
generally remains unaltered for an entire breeding season; for example, tail streamers in
long-tailed widowbirds (Andersson 1982), antlers in various species of ungulates
(Andersson 1994), and carotenoid-based plumage coloration in house finches
Carpodacus mexicanas (Hill 1991). At the other extreme, ‘static’ ornaments are
permanent once developed, and remain unaltered throughout the life of the individual. An
example of this is eye span in male stalk-eyed flies, Cytrodiopsis whitei (Burkhardt and
de la Motte 1988).
Importantly, the time course over which a trait is developed and expressed
(dynamic, static, intermediate) may affect the reliability and the nature of the information
it provides regarding the quality of its bearer. However, whether dynamic or static
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ornaments more reliably advertise the quality of the signaler is not clear. Folstad and
Karter (1992) argue that dynamic traits may be more reliable as they reflect immediate
variation in condition. However, Moller and Pomiankowski (1993) suggest that static
traits may be more accurate representations of quality, as they may be less susceptible to
stochastic events. Within this theoretical framework, Hill et al. (1999) assessed the
degree to which female dark-eyed juncos (Junco hyemalis) use either static or dynamic
traits for selecting mates. Females in this species assess mates via both plumage and
courtship display cues. This study revealed higher female attention to plumage (a
relatively static trait) than to courtship display intensity (which varies over a shorter
timescale; Hill et al. 1999). This finding suggests that static ornaments may be more
accurate signals of male quality, possibly because for short time periods dynamic signals
may misrepresent individual condition. However, female guppies assess males based both
on displays and coloration, suggesting a role for dynamic traits in female choice in this
species (Kodric-Brown and Nicoletto, 2001). In any case, the time course associated with
ornament development may have important effects on the nature and intensity of life
■

\

history trade-offs between ornamentation and self-maintenance.
1.4 Birdsong
Birds use a variety of different vocalizations, such as calls and song, for the
transmission of different types of information (Krebs and Dawkins 1984). However, not
all species are capable of producing the highly complex vocalizations referred to as
“song”. Songs have a tendency to be longer in duration, more complex and produced
primarily by males. These vocalizations are generally associated with diurnal rhythm and
tend to occur spontaneously. Calls are generally short, simpler vocalizations produced by
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males and females and occur in particular context (Catchpole and Slater 2008). For
example, a single note, high pitch, “alarm” call signaling the presence of a predator
(Krebs and Dawkins 1984). Birdsong is the signal used for communicating information in
reproductive context, is the focal trait for sexual selection in many species, and will be
the ornament of focus in this thesis.
Oscine songbirds (suborder Passeri) were originally identified as a unique clade
based on the number and complexity of their syringeal muscles, which allow for the
production of song (Catchpole and Slater 2008). Additionally, this group of birds exhibits
imitative vocal learning (Kroodsma and Canady 1985). This process involves individuals
practicing their song while simultaneously developing neuromuscular junctions, as well
as important neural structures in the telencephalon (Beecher and Brenowitz 2005). These
neural structures are the major song control nuclei in the brain. They are associated with
both song production and learning. The motor pathway, responsible for song production,
is comprised of the high vocal center (HVC) and robust nucleus of the arcopallium,
which connects indirectly to nerve control in the syrinx for sound production. The main
\

nucleus of this pathway is the HVC. The various nuclei associated with song learning are
less well understood; however they are directly associated with nuclei of the motor
pathway. After the critical learning and development period, different elements of song
are “crystallized” into a standard and repeated with a high degree of accuracy. The period
of time over which an individual can learn song varies depending on the species
(Catchpole and Slater 2008). This variation has been broadly classified based on whether
or not the bird is capable of learning any new song during adulthood, i.e. after its first
year of life. Those species that leam no new songs after their first year (for example, song
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sparrows Melospiza melodia) are referred to as “closed-ended” learners. Those that
continue to learn song throughout adulthood (for example, Northern mockingbirds Mimus
poly glottis) are termed “open-ended” learners (Marler 1970, Beecher and Brenowitz
2005).
Like many mating signals, birdsong is often multifaceted (MacDougallShackleton et al. 2009a) and may thus convey a variety of different messages about the
quality of the singer. Aspects of song to which receivers may attend may include song
complexity, stereotypy, vocal performance, and song output. Of these, the first two (song
complexity and stereotypy) have been most extensively studied, implicated in mate
choice, and/or correlated with traits related to viability. Song complexity is typically
assessed by quantifying the number of distinct song types and syllable types that an
individual has within its repertoire. Individuals with larger song and syllable repertoires
are considered to exhibit more complex song (Catchpole and Slater 2008). In song
sparrows, song complexity varies substantially between males (5-13 song types in most
populations) and has been correlated to several aspects of fitness\(Reid et al. 2005a,
MacDougall-Shackleton et al. 2009b) and condition (Reid et al. 2005b). In closed-ended
learners such as song sparrows (Nordby et al. 2002), song complexity represents a static
trait because it does not change during adulthood. By contrast, song stereotypy (the
degree to which an individual is consistent in its performance of particular songs and
syllables) is likely to vary dynamically and reflect shorter-term variation in condition.
Song stereotypy has been shown to predict male reproductive success in tropical
mockingbirds, Mimus gilvus (Botero et al. 2009), and has also been implicated in female
choice in chestnut-sided warblers, Dendroica pensylvanica (Byers 2006). In addition,
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measures of song stereotypy may vary based on parasite infection and thus reflect current
health status as in mountain white-crowned sparrows, Zonotrichia Jeucophrys (Gilman et
al. 2007, Munoz et al. 2010).
The Developmental Stress Hypothesis (Nowicki et al. 2002) suggests that stress
during early life affects the ability to invest in the development of the costly neural
structures that are required to learn complex song. Thus, female preferences for complex
or otherwise attractive song might confer indirect (genetic) benefits to offspring in the
form of heritable developmental stability. Alternatively, or in addition, well-learned song
may confer direct benefits through male provisioning ability, for example. Supporting the
Developmental Stress Hypothesis, pathogen exposure during song learning negatively
affects song complexity and the development of brain structures associated with song
learning in canaries, Serinus canaria (Spencer et al. 2005). Importantly, this hypothesis
posits that in closed-ended learners such as song sparrows the costs of song learning are
incurred mostly during early life. As a result, trade-offs between investing in
ornamentation (song learning) and investing in self-maintenance during adulthood (e.g.
immune function) may be mitigated. If so, permanent ornaments such as song complexity
may be reliable indicators of male viability and correlate positively with traits such as
immune function and disease resistance.
In summary, the various aforementioned aspects of song are developed and
expressed over widely different time scales. Song complexity and vocal performance are
representative of the critical learning period during early life, while stereotypy and output
are more dynamic and reflect more current aspects of male condition or viability. In
closed-ended learners, such as song sparrows (Nordby et al 2002), song complexity does
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not change during adulthood but remains fixed throughout life. However for this same
species, song output is much more dynamic, and may reflect changes in condition which
take place over the course of a few hours (Turner and Barber 2004). Similarly, song
stereotypy is subject to changes throughout the lifetime of a bird and may reflect changes
in condition over the timescale of a few days to a few weeks.
1.5 Ornaments as indicators o f self-maintenance physiology
The degree to which any given secondary sexual trait is associated with viability
depends not only on the permanence and developmental time course of the trait, but
likely also on the specific ecology of the organism and the parasite(s) in question
(Hawley and Altizer 2010). This is exemplified in sage grouse, Centrocerus
urophasianus. Tor populations in which there is a higher occurrence of avian malaria
(Plasmodium pediocetii) infection, male reproductive success is negatively affected by
infection status (Boyce 1990). However, in other populations of the same species, in
which parasites are not a problem, disease resistance was not a factor associated with
male reproductive success (Gibson 1990).

\

In most natural populations, identifying the specific pathogens that impose
selective pressures within a given environment is difficult. In addition, secondary sexual
characteristics may reflect overall self-maintenance physiology, rather than resistance to
a specific parasite (Westneat and Birkhead 1998). Indeed, many studies focused toward
assessing self-maintenance physiology (immunity) have revealed an association with life
histories (reviewed by Lee 2006). In birds and small mammals, empirical evidence
suggests that immune system function plays a pivotal role in viability, forcing
physiological trade-offs. The degree and type of trade-offs observed include immune
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responses preventing investment in physiological processes such as somatic maintenance
(Sanz et al. 2004) or reproduction (Bonneaud et al. 2003, Tieleman et al. 2008), as well
as suppression of immunity (Alonso-Alvarez and Telia 2001, Verhulst et al. 2005,
Buehler et al. 2009b). The central tenet behind the observed trade-offs is that individuals
possess a finite amount of available resource (energy, metabolites), and are thus limited
by what physiological processes can be invested in.
In addition, trade-offs in these physiological processes are related to the host’s life
history. For example, relative to tropic-breeding birds, birds breeding at higher latitudes
have shorter life spans and invest more heavily in reproductive bursts. This difference in
life history has been termed the pace o f life syndrome (Ricklefs and Wikelski 2002).
Individuals with a fast pace of life tend to invest less in immunity and self-maintenance,
and more in current or early reproduction. In tree swallows (Tachycineta bicolor), for
example, the strength of the adaptive humoral response decreases with increasing latitude,
yielding a shift in available resources toward reproductive success (Ardia, 2005b).
Similarly, in western song sparrows, populations at higher latitudes t^nd to have shorter
\

life spans and suppress self-maintenance through the curbing of systemic acute phase
responses during the breeding season (Adelman et al. 2010a). These observed trade-offs,
are likely the result of direct and indirect selection that parasites impose on their hosts
due to variation in survivorship (Meller and Saino 2004).
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Hormones and self-maintenance physiology
Communication molecules of the endocrine and immune systems likely play an
integral role in the mediation of physiology based trade-offs via cell surface receptors for
immune molecules (cytokines) and hormone receptors on immune affecter cells (Janeway
2005, Cutolo and Calvia 2007, Martin, Weil and Nelson 2008). There has been much
attention to the role of steroid hormones in mediating cellular communication and
affecting immune function in relation to life histories (Demas 2004, Martin, Weil and
Nelson 2008, Martin 2009). Glucocortocoids are well documented as playing an
important role in the regulation of immune processes in both captive and free living
vertebrates (Matson et al. 2006a, Millet et al. 2007, Onard et al. 2007, Martin 2009).
The role of testosterone and estradiol in mediating immunity with regards to
reproductive physiology is less clear, and likely depends on the reproductive physiology
of the organism in question (Heggen et al. 2000, Owen-Ashley et al. 2004, Greenman et
al. 2005, Ruiz et al. 2010, Tobler et al., 2010). For example, in song sparrows circulating
levels of testosterone are tightly associated with breeding behaviours^such as increased
male aggression and mate guarding (Wingfield 1984, Sperry et al. 2010). These
behaviours are key for males to ensure successful breeding and to protect paternity (Hill
et al. 2011), and are seasonally traded-off with innate immune responses. Breeding-stage
male song sparrows invest in reproduction rather than self maintenance when it comes to
mounting an acute phase response (Owen-Ashley and Wingfield 2006, Adelman et al.
2010a, b). In song sparrows, it appears that androgens serve as a means of
communicating the level and degree of trade-offs observed between these two
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physiological processes. As empirical work suggests, the level and type of trade-off
observed is likely the result of the ecology of the organism in question.
1.6 Assessment o f immune system function
The complexity o f self-maintenance physiology, primarily immune system
function, creates ambiguity in data interpretation. In particular, different pathogens are
eliminated using different components of the immune system (Janeway 2005). This is
further exemplified by not all immune responses being positively associated. In fact,
selection for resistance to a particular parasite often results in increased susceptibility to
another (Gross et al. 1980, Adamo 2004). This presents challenges when attempting to
assess immunity in free-living organisms. The most commonly employed methods that
assess immune function do so by recording either variable responses to a novel challenge,
or measuring a component of maintenance level immunity (Matson et al. 2005, Salvante
2006, Millet et al. 2007).
response

efficacy

in

These commonly used techniques for assessing immune
ecological

studies

include

the , following:

mitogen-

(phytohemaglutanin (PHA)) induced delayed type hypersensitivity, novel challengeinduced humoral immune response (e.g. sheep red blood cell, diphtheria-tetanus vaccine),
challenge-induced systemic acute phase response (lipopolysaccharide), and bacterial
killing via serum components. The appeal of these techniques is the ease of performing
them in the field. The main downfall associated with the use of only one or two of these
techniques to infer overall immunity lies in the complexity of the immune system’s
response. For example, PHA causes varying degree of local inflammation as a result of
migration of a wide variety of immune cell types. These cell types play different roles in
mediating inflammation, and dealing with infection (Martin et al. 2006a). Common
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interpretation of the inflammation response is that more swelling infers higher levels of
immunocompétence. However, the dynamics of cellular infiltration varies based on a
variety of factors (Martin et al. 2006b) and this interpretation may not always be accurate
(Martin et al. 2006a, Koutsos and Klasing 2008). Other studies have also shown that the
intensity of humoral response to specific antigens are not always repeatable between
antigens, and thus may not be reflective of overall humoral immunity (Parmentier et al.
2001, Adamo 2004, Matson et al. 2006b).
Overall, the current literature suggests that multiple measures of immune function
are required in order to accurately assess the links between organism life histories and
self-maintenance physiology. Studying one or two components of immunity is unlikely to
provide a reliable index of immune function (Keil et al. 2001, Parmentier et al. 2001,
Martin et al. 2006b), and there is growing recognition among behavioral ecologists of the
importance of using multiple measures of immunity (Adamo 2004, Lee 2006, Martin et al.
2006a). Despite this, most studies of immune function in the context of sexual selection
and life history have focused on a very small number of immune measures (e.g. Ardia
2005b, Martin et al. 2006b, Berthouly et al. 2007, Allen et al. 2009, Parejo and Silva
2009, Ruiz et al. 2010, Workman et al., 2010) from which to infer ‘immunocompétence’.
: To successfully develop hypotheses that account for the inherent complexity of
the immune system, it is necessary to consider immune system development, function,
and associated deployment costs. The metabolic state of the immune system varies
drastically depending on infection status and can be broadly categorized as being
constitutive or induced. Constitutive immunity refers to protective cellular and humoral
components of an inactive system, whereas inducible levels are accompanied by cellular
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proliferation and increased metabolic activity (Janeway 2005). Furthermore, the immune
system varies in its ability to provide protection through two mechanistically different
branches: innate (non-specific) immunity including humoral and cellular components,
and acquired (specific) immunity including T- and B-lymphocyte mediated responses
(Janeway 2005).
The innate and acquired branches of the immune system play different roles in
disease resistance and incur different associated costs. Innate immunity is effective in
dealing with novel as well as repeated pathogen challenge, but has high energetic and
nutritional costs. These costs are primarily associated with the systemic acute phase
response and hepatic production of protective proteins. The estimates of the costs
associated with innate immunity are directly correlated to pathogen-induced increases in
cell proliferation and the secretion of effecter molecules such as cytokines, chemokines
and acute phase proteins (Klasing 2004). The systemic acute phase response, or sickness
response, is the most costly component of innate immunity and is accompanied by
physiological (increased whole-body protein turnover, temperature, glqconeogenesis) and
\

behavioral (somnolence) changes (Janeway 2005). Macrophages and neutrophils
(heterophils in birds) are the first-responding cells to pathogens. These cells act to
eliminate infection through direct phagocytosis. The pathogen recognition receptors
expressed by phagocytic cells, recognize a broad class of antigens, and their specificity is
heritable (Jàneway 2005). Macrophages in particular are key regulators of acute
inflammation and stimulating the systemic acute phase response (Klasing 1998).
Conversely, the acquired immune system is poor at dealing with exposure to novel
pathogens, but highly effective during repeated challenges, and incurs relatively low

16

nutritional costs during adulthood (Klasing and Calvert 1999, Klasing 2004). The main
costs of specific acquired immunity are associated with the development of antibody
repertoires and T-cell receptor lineages and are incurred primarily during early life
(Klasing 2004).
The complex interaction between these two branches of the immune system are
mediated by natural antibodies and complement (Carroll 2004, Ochsenbein and
Zinkemagel 2000). The serum complement system is comprised of proteins and
complement cell surface receptors. These proteins and receptors are used to aid in
opsinization and phagocytosis, microbial cell lysis, and T and B-cell responses (Carroll
2004, Juul-Madsen et al. 2008).
Since the costs associated with acquired immune defenses are paid primarily
during development, innate defenses become more important in species with shorter life
spans and developmental periods (Klasing 2004, Lee 2006). Species that live longer
invest more in developing acquired immunity due to the increased likelihood of
repeatedly encountering the same pathogen. In birds, empirical evidence supports the
\

effect of developmental period on the reliance on acquired immunity (Lee et al. 2008).
Thus, innate immune function is expected to play a particularly important role in health
and disease in short-lived migratory species.
1.7 Thesis objectives
In this thesis I examine the degree to which multiple measures of innate immune
function in breeding male song sparrows (Melospiza melodia) are predicted by two
aspects of song thought to reflect condition over different developmental timescales. First,
I examine the relationship between measures of innate immunity and song complexity
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(assessed by song and syllable repertoire size), which in this closed-ended learner
represents a static ornament. I hypothesize that song complexity should be a reliable
indicator of viability as measured by innate immune function. Song complexity varies
substantially among males in this and other populations (Pfaff et al. 2007, Reid et al.
2005a) and females in this species prefer complex over less complex song (Searcy 1984).
I predict that the permanent nature of song complexity should mitigate the trade-offs
between ornamentation and self-maintenance, and that individuals with more complex
song will also show more robust constitutive innate immune function.
Second, I examine the degree to which the same measures of immunity are
predicted by a more dynamic component of song, specifically song stereotypy. Song
stereotypy has yet to be implicated in immunity or female mate choice in song sparrows,
or indeed, studied at all in this species. However, based on studies in other species I
hypothesize that song stereotypy will be a less reliable indicator of self-maintenance and
immunity. I predict that because the costs of producing highly consistent (stereotyped)
song are presumably incurred throughout the breeding season, sopg stereotypy will be
less strongly associated with innate immunity than will song complexity. Alternatively
however, these two aspects of song (complexity and stereotypy) could advertise different
aspects of immune function, as suggested by the multiple messages hypothesis
(Johnstone, 1996), which posits that different signals (or in this case different aspects of
the same signal) may provide unique information concerning differing aspects of quality.
Finally, an essential and unique component of my study involves the simultaneous
examination of multiple components of constitutive immunity. Models of mate choice for
‘disease resistance’ implicitly but universally assume that multiple measures of immunity
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should all be positively correlated. My thesis evaluates this assumption by investigating
the extent of correlations across multiple measures of constitutive immunity. By testing
this assumption, and by evaluating the relative reliability of a static versus a dynamic
ornament in reflecting innate immune function, this work contributes to our

sexually selected traits.
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2. Materials and Methods
2.1 Study site, animals and sample collection
Field work was performed during April and May 2010, on the Bracken property owned
by the Queen’s University Biological Station near Newboro, Ontario, Canada (44°38’60
N 76°19’0 E,). The study site is a mixture of old fields, wetlands, and secondary forest
that supports approximately 50 song sparrow breeding pairs. Study subjects were 38 adult
male song sparrows (Melospiza melodia melodia), captured between April 7th - 29th, on
or within 300 meters of the main study site, using mist nets and song playback (UWO
Animal Use permit # 2008-054-05 to E.A. MacDougall-Shackleton).
I collected a small (150-200 pL) blood sample from each male via brachial
venipuncture using sterile technique (Millet et al. 2007) within approximately 3-5
minutes of capture. This rapid sampling was done to minimize capture-induced increases
in corticosterone levels (Romero and Reed 2005) which could have an effect on immune
function (Buehler et al. 2008, Millet et al. 2007). A portion of the sample was used within
45 minutes for in-field analyses of immune function (Section 2.2.1).\The remainder was
\

kept cool on freezer packs for several hours until the sample could be centrifuged to
isolate plasma for laboratory assays of protective proteins (Section 2.3), and the steroid
hormones corticosterone and testosterone (Section 2.4). After sample collection, each
male’s mass was measured to the nearest 0.2 g using a spring balance. After which, the
individual was outfitted with a unique combination of coloured leg bands to permit visual
identification, then released at the site of capture.
2.2 Assessment o f immune function I performed five complementary assays of innate
immunity. Microbicidal and phagocytosis assays were used to measure microbicidal
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capacity and activity of leukocytes in whole blood (Keusch et al., 1975; Sandgren et al.,
1991; Millet et al., 2007); these two assays were performed in the field within 45 minutes
of sample collection (Section 2.2.1). To assess investment in non-cellular innate
immunity, I measured plasma concentrations of the acute-phase proteins lysozyme and
haptoglobin, and assessed a humoral component of constitutive immunity through plasma
hemolysis-hemagglutination capabilities (Matson et al., 2005). For these last three
immune assays, and the steroid hormone assays, whole blood was kept cool on freezer
packs for several hours, then plasma was isolated via centrifugation and stored at -20°C
awaiting laboratory analysis (Sections 2.2.2 and 2.3 below).
2.2.1 Field assay protocol Microbicidal and phagocytosis assays were performed in the
field in a sterile environment consisting of a Plexiglas dead air box equipped with a hepafilter air filtration system (UWO Biosafety Permit # BIO-UWO-0133 to E. A.
MacDougall-Shackleton) using a rudimentary laboratory powered by rechargeable 12
volt batteries. All temperature-sensitive steps were carried out in a small (33 cm w x 27
cm d x 38 cm h) laboratory incubator (Quincy Lab Inc., Chicago,\JL). Aliquots of cell
media [C02-Independent media (Invitrogen, Carlsbad, CA) with 4 mM L-Glutamine
(Sigma-Aldrich, St. Louis, MO), and 1% (v/v) Fetal Bovine Serum (FBS) (Invitrogen)
with 1% penicillin-streptomycin (Invitrogen) for phagocytosis assay], were prepared in
advance in separate capped microcentrifuge tubes, to which whole blood was added
within 15 minutes of collection. For all individuals, the assays were started within 45
minutes of initial sample collection and within 50 minutes of capture.
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Microbicidal assay
The plate method for assessing antimicrobial capacity of whole blood was
optimized for use in song sparrows, and performed according to basic methods described
by Millet et al. (2007). In order to obtain a comprehensive estimate of the ability to resist
infectious disease, I used three different microorganisms for this assay: (1) the Gram
negative bacterium Escherichia coli [American Type Culture Collection (ATCC) #8739]
which is killed primarily by soluble blood proteins; (2) an additional strain of E. coli
(ATCC #51813) killed mainly by cellular components of blood; and (3) a diploid fungus,
Candida albicans (ATCC #10231), also killed mainly by cellular components of blood
(Millet et al. 2007).
Microorganisms were supplied lyophilized as 1 x 107 or l x 108 organisms per
pellet (Microbiologies Inc., Saint Cloud, MN), and were reconstituted as stock solutions
according to manufacturer’s instructions in tissue culture-grade phosphate buffered saline
(PBS). Stocks were kept at 4°C for less than 14 days after reconstitution. There was no
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microbial growth observed in stored cultures. However, a decrease in microbe viability
(noted as a decrease in colony formation on control plates) was observed in cultures
stored more than 14 days. Each day, culture stocks were diluted for working cultures of
approximately 1 x 106 organisms mL*1 (E. coli 8739, C. albicans 10231), or 1 x 104
organisms mL'1 (E. coli 51813).
Whole blood was diluted as indicated (Table 2.1) at ambient temperature in CO2Independent media with 4 mM L-Glutamine, and 1% (v/v) FBS. 20 pL of microbial
working solution was added to 100 pL of diluted blood (or 100 pL cell media for control),
mixed by multiple aspirations and dispensing, and incubated for the appropriate amount
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Phagocytosis assay concentrations are based on desired cell to particle ratio, and approximate white blood cell
concentrations (-750 WBC pL'1) in diluted samples.
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of time (Table 2.1) at 41°C. Samples were then removed from the incubator, mixed
thoroughly, and duplicate 50 pL aliquots were spread onto agar plates, inverted and
incubated at 37°C. The number of colonies per plate was counted the following day
(approximately 24 hours after plating). The microbicidal capacity of peripheral blood for
each individual was calculated based on the reduction in colony formation relative to
control plates with no blood (l-(# colonies for blood plates/# colonies for control plates)).
Phagocytosis assay
Following methods described by Millet et al. (2007), I assessed the in vitro
phagocytic activity of adherent cells using a small 10 pL microbe'1blood sample. As was
found previously, macrophages were the main adherent cell type. Fluorescently labeled
bacteria [E. coli (E-2864) and Staphylococcus aureus (S-2854) bioparticles® labeled with
fluorescent tag BODIPY® FL (Molecular Probes, Eugene, OR)] were reconstituted in
tissue-grade PBS with 2 mM sodium azide according to manufacturer’s instructions.
Bacterial suspensions and whole live blood were diluted in CCh-Independent media with
4 mM L-Glutamine, 1% (v/v) FBS and 1% penicillin-streptomycip as indicated (Table
2.1). The quantities and concentrations of reagents used for the assay were adjusted
(relative to those used by Millet and colleagues) to achieve the desired cell to particle
ratio (1:100 for E. coli and 1:200 for S. aureus), for a smaller 10 pL (microbial strain)'1
blood sample. A separate slide was used for each of the two different bacteria. Blood was
diluted 1:20, then mixed by multiple aspirations and dispensing, and 20 pL was added to
each well of an eight-well chamber slide (Nunc Lab-Trek; Sigma-Aldrich). 76 pL of
mixed, dilute, bacterial suspension was added to each well, and slides were placed to
incubate at 40.5°C for 15 minutes. Slides were removed and placed on ice for a minimum
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of 5 minutes to end phagocytosis, washed twice with 95 pL cell media (2-4°C), then
adherent cells were fixed using methanol. All slides were stored in a lightproof container
and later evaluated at the Advanced Facility for Avian Research (University of Western
Ontario).
Slides were scored for percent phagocytosis using a fluorescent microscope with
an excitation/absorption spectrum of 505/513 nm at 40 x magnification. 150 - 500 cells
per slide were counted and phagocytosis was scored as the proportion of macrophages
containing at least one fluorescent particle.
2.2.2 Protective Proteins The analysis of protective proteins levels in the periphery
permits assessment of the degree of investment in constitutive immunity (described
below), but moreover provides information on current health status. Haptoglobin and
lysozyme are acute phase proteins whose concentrations are known to increase during
infection (Millet et al. 2007). Accordingly, any individuals in which concentrations of
these proteins exceeded 3 times the population mean were considered likely to be
currently mounting a systemic acute phase response and would thu§ have been excluded
\

from further analysis (Koutsos and Klasing 2008).
Natural Antibody
Peripheral blood natural antibody (NAb) titers were characterized using a
hemolysis-hemagglutination (HL-HA) assay, in which lysis and agglutination of rabbit
erythrocytes is quantified using serial dilutions of plasma (Matson et al. 2005). 25 pL of
plasma was added to the second column of a 96-well plate and diluted with Dulbecco’s
PBS (Mauck et al. 2005) 1:1 across the plate to column 11. The twelfth column served as
a negative control and contained no plasma. Chicken plasma (Sigma-Aldrich, St Louis,

25

MO) provided a positive control, and was added to the first and last rows of each plate.
25 pL of 1% rabbit erythrocyte suspension (Rockland Immunochemicals Inc.,
Gilbertsville, PA) was added to each well, and plates were covered and placed to incubate
at 37°C for 90 minutes. Following incubation, plates were placed at a 745° tilt for 20
minutes, scanned at 300 dpi with a top-lit flatbed scanner (Epson V600) to assess
agglutination, and scanned again at 90 minutes (post incubation) to quantify lysis.
Lysis and agglutination were scored from the digitized images as the negative log2
o f the last plasma dilution exhibiting each function (Matson et al., 2006b). As described
by Matson et al. (2005), lysis reflects interactions between both lytic enzymes (such as
heat labile complement proteins) and NAb, whereas agglutination is the result of NAb
activity. Very little lysis was observed (4 of 36 individuals), thus only agglutination
scores were used for subsequent analysis.
H aptoglobin

The acute-phase protein haptoglobin plays a role in the protection of host tissue
through the clearance of oxidative metabolites by binding free hemoglobin. Peripheral
blood haptoglobin concentrations were determined using a commercial kit (Tri-Delta
Diagnostics Inc., Morris Plains, NJ) that measures the protein’s haeme binding
capabilities at low pH (Millet et al. 2007).
L ysozym e

To assess peripheral blood lysozyme concentrations, I used the 96-well plate
quantitative endpoint technique (Millet et al. 2007) adapted from Osserman and Lawlor's
(1966) lyso-plate method. This assay evaluates bacterial cell lysis through decreases in
opacity of an agar-bacterial suspension. As lysozyme breaks down the peptidoglycans
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found in the cell wall of Micrococcus lysodeikticus, the opacity of the suspension
decreases, allowing quantification of the protein (Jolles and Jolles 1984).
Following basic methods described by Millet et al. (2007), a 50 mg mL'1bacterial
solution was created by resuspending 30 mg of lyophilized M. lysodeikticus (SigmaAldrich) in 600 pL M/15 buffer, pH 6.4. 500 pL of resuspended M lysodeikticus was
added to sterile 1% agar (Difco Laboratories, Sparks, MD) in M/15 buffer pH 6.4 and
kept at 50-60°C. In each well of a 96-well plate, 150 pL of the agar-bacterial suspension
was added to 10 pL of either plasma sample or standard. The standard curve was created
using serial dilutions (10 to 0.3125 mg L'1) of chicken lysozyme (Sigma-Aldrich).
Absorbance at 850 nm was measured using a Spectramax microplate reader (Molecular
Devices, Sunnyvale, CA).
2.3 S te ro id H orm on e A ssa ys
C orticosterone

For a subset of 34 individuals, for which adequate sample volume remained,
plasma was assayed for corticosterone using a radioimmunoassay (RIA; MP Biomedicals,
Orangeburg, NY), modified for songbird plasma as described by Washburn et al. (2007).
The assay has been previously validated for song sparrow plasma (Newman et al. 2008).
All samples were assayed in duplicate. Manufacturer’s instructions were followed, except
that the volumes of all reagents were halved and plasma was diluted 1:50 in diluent
provided (5 pL of plasma and 245 pL of diluent).
Testosterone

For a subset of 34 individuals, for which adequate sample volume remained,
plasma concentration of testosterone (T) was measured using an enzyme immunoassay
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(EIA) kit (Salimetrics, State College, PA). This kit has been used to measure T in the
plasma of other songbirds (white-eyed víreos (Vireo griseus), red-eyed víreos (Víreo
olivaceus), and indigo buntings (Passerina cyanea) (Washburn et al. 2007), but has not
previously been validated for song sparrows. In order to validate the EIA, plasma from
wild song sparrows, caught during the breeding season of 2009, was serially diluted and
compared to the standard curve. If non-specific binding of the antibody is absent or
negligible, the curve generated by serially diluted plasma should parallel the standard
curve for comparisons of percent conjugate bound. To determine parallelism between the
serially diluted plasma with the standard curve, equality of slopes was assessed using an
analysis of covariance (ANCOVA). The lack of significant interaction between serial
dilution of plasma and the standard curve (Tj.g = 0.306, p = 0.595) indicates the line
slopes are parallel, and as such effectively validated the use of this kit for assessing
plasma levels of T in this species.
Plasma T was measured in duplicate (25 pL assay volume) by diluting plasma
1:20 in assay diluent (3.5 pL of plasma in 70 pL diluent), and following manufacturer’s
instructions. Absorbance was read using an iMark plate reader (Bio-Rad Laboratories
Inc., Hercules, CA), at 450 nm with 595 nm background correction.
2.4 Song recording and analysis Song sparrows are closed ended song learners, meaning
their repertoires remain unaltered between years dining adulthood (Nordby et al. 2002).
As such, I recorded repertoires only for those individuals in the population whose
repertoire had not been previously documented. I recorded songs onto a Marantz
Professional Solid State PMD 671 recorder, using a Telinga Twin Science parabolic
microphone (Uppsala, Sweden). Each individual’s identity was established by visually
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inspecting color bands during die recording session. Following criteria previously
established for this study population (Pfaff et al. 2007), I considered a male’s repertoire
completely recorded once 300 consecutive (recorded in a single session) or 450
nonconsecutive songs (recorded over multiple sessions) had been recorded.
Using Syrinx PC (http://syrinxpc.com; John Burt) I generated spectrograms, and
categorized each male’s complete set of recordings into distinct song types and their
component syllable types by visual analysis and sorting following Stewart and
MacDougall-Shackleton (2008). I defined song repertoire size as the number of different
song types within a male’s repertoire (range = 6 - 11) and syllable repertoire size as the
number of different syllable types within the repertoire (range = 28-51).
In addition to song and syllable repertoire size, which remain fixed throughout
adulthood in song sparrows (i.e. static traits), I also calculated song stereotypy, or the
degree to which multiple exemplars of a given song type are spectrally similar. I
determined how many exemplars of each song type to use based on a preliminary
analysis of 40 exemplars of each of six randomly selected song types (each from a
different male). Sound files were filtered and spectrogram cross-correlation (SPCC)
matrices were generated for each song type as described below. I then plotted the
variance in SPCC coefficient as a function of number of exemplars used (Figure 2.1) and
found that this reached an asymptote at approximately ten exemplars. Accordingly, I used
ten exemplars of each song type to calculate stereotypy.
For each song type within each subject’s repertoire, I selected ten high quality
exemplars based on good signal-to-noise ratio and the absence of masking sounds. Using
Raven Pro 1.4 (Bioacoustics Research Program, Cornell Lab of Ornithology), these

Figure 2.1 Variation in spectrogram cross-correlation coefficient (SPCC) explained as a function of number of songs
sampled in male song sparrows.
Variance in SPCC due to the number of song exemplars used approaches 0 at 10 song exemplars. As such, 10
exemplars were used. The x-axis in the top graph is the variance in SPCC. The x-axis in the bottom graph represents
the first derivative of the curve in the top graph. The first derivative approaches zero at around 10 song exemplars.
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Figure 2.2 Song spectrograms from male song sparrows illustrating high and
low spectrogram-cross correlation coefficient (SPCC) values,
a) Two exemplars of the same song type from a single male song sparrow,
illustrating a high SPCC coefficient (0.904) b) Two exemplars of another
song type from another male song sparrow, illustrating a low SPCC
coefficient (0.219)
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sound files were then band-pass filtered at 1-10 kHz to reduce low frequency background
noise, and pair-wise, peak-normalized, SPCCs were generated (Clark et al. 1987; Figure
2.2). Using the resultant cross-correlation matrix, I calculated the mean SPCC as well as
the coefficient of variation (CV) for each of the song types within an individual’s
repertoire. For each individual, I then calculated the average SPCC and the average CV
across all the song types within its repertoire. Stereotypy analysis included only those
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males whose repertoires were recorded in 2010 (N= 20) as unlike song and syllable
repertoire size, stereotypy is likely to vary over an individual’s lifetime.
2.5 Statistical Analysis Data were analyzed in R version 2.10.1 (R Development Core
Team 2010). Before beginning statistical analyses, I constructed histograms with
probability distribution curves and quantile-quantile plots to assess all variables for
kurtosis and skew, and transformed as necessary. All song measures (song repertoire size,
syllable repertoire size, SPCC coefficient, CV) were normally distributed, as was
lysozyme concentration. Proportion data from microbicidal assays were arcsine
transformed, and data from phagocytosis assays were logio transformed. Haptoglobin
concentrations and agglutination scores from the HL-HA assay were square-root
transformed. These transformations yielded normal distributions.
To investigate the relationships between different measures of immunity, I
generated a Pearson’s correlation matrix for the immune measures described above
(microbicidal, phagocytosis, haptoglobin, lysozyme, and hemagglutination). Variables
found to be significantly correlated with one or more other immune measures were
entered into a principal components analysis (PCA), using a correlation matrix to
standardize the data due to their different scales (counts, proportions, and concentrations).
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The principal components (PCs) from this analysis served as indices of constitutive
immune function. Components with eigenvalues greater than one were retained for
subsequent regression analyses, in which song measures (song repertoire size, syllable
repertoire size, SPCC coefficient and CV) served as predictor variables and the immune
PCs as response variables.
To further assess song quality as an honest advertisement of immune function, I
conducted a series of generalized linear model (GLM) regressions in which song
measures again served as predictor variables but which used individual measures (rather
than principal components) of immunity as dependent variables. Models using proportion
data (microbicidal and phagocytosis scores) were analyzed with binomial error
distributions. Covariates for phagocytosis models included the number of adherent
macrophages counted per slide for E. coli, and capture time (time of day) for E. coli and S.
aureus, as phagocytosis scores were found to vary with time of day (data not shown)
Hemagglutination scores were analyzed using a GLM with Poisson distribution of error,
with capture date (days since January 1st) and mass as covariates. \These covariates were
used as hemagglutination scores varied with individuals’ mass and date of capture (data
not shown). Simple linear models were used to assess the ability of song measures to
predict levels of protective proteins lysozyme and haptoglobin.
As a complementary analysis, I also assessed the relationship between
circulating hormone levels (testosterone and corticosterone) and immunity. To determine
whether baseline physiological stress was related to individual performance for the
various immune assays, a Pearson’s correlation matrix was generated for corticosterone
and each of the individual immune variables. This approach (correlation) reflects the fact

33

.that corticosterone may exert direct and/or indirect effects on components of immunity,
and that immune function may also affect corticosterone levels (Onard et al. 2007). To
assess the relationship between testosterone concentrations and assays of cellular
immunity, GLM regressions were performed with testosterone as a predictor variable and
microbial and phagocytosis scores as response variables. This approach (regression)
reflects the fact that testosterone and other sex hormones are known to have direct effects
on macrophages (Cutolo and Calvia 2007). Only assays of cellular immunity were
considered, due to the relevant biological interactions between this hormone and immune
effector cells (Janeway 2005, Cutolo and Calvia 2007). The GLMs were analyzed with
binomial error distributions and included capture date (days since January 1st) as a
Covariate.

\
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3 Results
3.1 Constitutive Immune Function The five different assays I performed (microbicidal,
phagocytosis, lysozyme haptoglobin, and hemolysis-hemagglutination) yielded a total of
eight immune measures, as two microbes for the phagocytosis assay and three microbes
for the microbicidal assay were examined. All of the values observed for the acute phase
proteins were within threefold of the population mean, suggesting that no subjects were
currently fighting infection, thus all study subjects were retained for subsequent analysis.
The sample size for the below described analyses varies as indicated due to sample
volume constraints. Several of these immune measures showed significant or nearly
significant inter-correlations (Table 3.1). Microbicidal activity of peripheral blood
leukocytes toward E. coli (51813) and C. albicans were significantly positively correlated
(Pearson’s r=0.37, N=34, p=0.032). Microbicidal capacity toward C. albicans was also
significantly positively correlated with agglutination scores (Pearson’s r=0.38, N=33,
‘x

p=0.029), and thus potentially with levels of circulating natural antibody (Nab). In
\
addition, peripheral blood lysozyme concentrations were significantly negatively
correlated with macrophage phagocytic activity for E. coli (Pearsons’s i=-0.38, N=27,
p=0.050). Moreover, lysozyme concentrations were negatively correlated with
microbicidal activity against C. albicans, although not significantly so (Pearson’s r=-0.36,
N=30, p=0.052), and peripheral blood concentrations of haptoglobin were positively
correlated with microbicidal activity against E .coli 8739 although not significantly so
(Pearson’s r=0.36, N=29, p=0.054). I observed no other significant or near-significant
correlations among immune measures.

Table 3.1 Pearson’s correlation matrix for eight measures of immune function in 38 male song sparrows.
Values underlined and in bold denote statistically significant correlations (p<0.05).
E. coli
A TC C 8739
(proportion
killed)
E. coli
ATCC 8739
(proportion killed)
E. coli
A T C C 51813
(proportion killed)
C. albicans
ATCC 10231
(proportion killed)
E. coli
(proportion
phagocytosis)
S. aureus
(proportion
phagocytosis)
H aptoglobin (mg/mL)

E. coli
A TC C 51813
(proportion
killed)

C. albicans
A TC C 10231
(proportion
killed)

E. coli
(proportion
phagocytosis)

S. aureus
(proportion
phagocytosis)

Haptoglobin
(m g/m L)

H em agglutination

Lysozym e
(pg/m L)

-0.15

0.07

-0.14

0.12

0.36

0.08

0.28

0.37

0.07

0.05

-0.01

-0.14

-0.17

-0.06

0.24

-0.09

0.38

-0.36

0.09

-0.24

0.11

-0.38

0.21

0.14

-0.15

-0.14

0.14

s'

-0.17

H em agglutination

Lysozym e (pg/m L)
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As I observed significant inter-correlations with at least one other measure for
five of the eight immune measures studied (microbicidal activity against E. coli 51813;
microbicidal activity against C. albicans 10231; hemagglutination score (HL-HA);
phagocytosis score against E. coli', lysozyme concentration; Table 3.1), I entered these
five measures into a principal components analysis (PCA). The remaining three measures
(microbicidal activity against E. coli 8739; phagocytosis score against S. aureus;
haptoglobin level) were tested separately for their relationship to measures of song
complexity and stereotypy.
PCA identified two principal components with eigenvalues greater than 1 that
cumulatively accounted for 61.7% of the overall variance in immune response (Table 3.2).
High positive values of PCI were associated with low microbicidal capacity of peripheral
whole blood against E. coli and C. albicans, and with high peripheral blood lysozyme
concentrations. High positive values of PC2 were associated with low phagocytic activity
of macrophages against E.coli, and high peripheral blood NAb titers (hemagglutination
scores). Thus, PCA revealed an overall pattern of opposite loading between protective
proteins

(lysozyme, NAb/hemagglutination)

(microbicidal capacity, phagocytosis).

and leukocyte phagocytic

activity
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Table 3.2 Factor loadings for principal component analysis (PCA) of five measures of
constitutive immunity in male song sparrows. Factor loadings that are underlined and in
bold reflect measures that contributed most strongly to a given principal component. PCI
was associated negatively with microbicidal activity of peripheral blood leukocytes, and
positively with lysozyme concentrations. PC2 was associated negatively with phagocytic
activity of macrophages and positively with hemagglutination. PC3 explained less than
20% of the variance in immune activity, had an eigenvalue less than one, and was not
retained for further analysis.
R esponse

PCI

PC2

PC 3

E, co li ATCC 51813 (proportion killed)

-0.666

0.002

-0.094

C albicans ATCC 10231 (proportion killed)

-0.610

0.376

-0.287

E. co li (proportion phagocytosis)

-0.093

-0.769

-0.164

H em agglutination

0.075

0.414

0.855

L ysozym e (p g m L’1)

0.413

0.309

-0.390

Variance per com ponent (%)

34.9

26.7

19.7

Cumulative variance (%)

34.9

' 61.7

81.3

Eigenvalue

1.75

1.3^

T otals

0.983
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3.2 Song Complexity and Stereotypy As expected, my two measures of song complexity
(song and syllable repertoire size) were correlated, as were die two measures of song
stereotypy (spectrogram cross-correlation coefficient, SPCC, and coefficient of variation,
CV). That is, individuals with larger song repertoires also had larger syllable repertoires
(Figure 3.1, r=0.61, p<0.001, N=34), and those with higher mean SPCC had lower
coefficients of variation (Figure 3.2, r=-0.80, p<0.001, N=31). However, measures of
song complexity were not significantly correlated with measures of song type stereotypy
indicating that these represent independent aspects of song.
3.3 Song Complexity as an Indicator o f Constitutive Immunity Song repertoire size did
not have predictive value for immune PCI (microbicidal activity against E.coli (51813),
C. albicans, and lysozyme) (Figure 3.3, R2=0.038, p=0.43, N=20). However, syllable
repertoire size was positively associated with and predicted a significant proportion of
variation in immune PCI (Figure 3.4, R2=0.21, p=0.044, N=20). Neither song nor
syllable repertoire size predicted a significant amount of variation in immune PC2
(Figure 3.5a, song repertoire size: R2 = 0.057, p=0.86, N=20^ Figure 3.5b syllable
repertoire size: R2 = 0.059, p=0.97, N=20).
When considering individual measures of cellular immunity, as opposed to the
index provided by the immunity PCA, similar results were found. Phagocytic activity of
macrophages for E. coli was negatively predicted by song repertoire size (Figure 3.6,
R2=0.45, p=0.026, N=25), and a similar trend (although not statistically significant) was
seen for syllable repertoire size (Figure 3.7, R2=0.32, p=0.061, N=25). Thus, individuals
with more complex song had macrophages that engulfed fewer bacteria. Similarly,
phagocytic activity against S. aureus was negatively associated wtih song repertoire size

Syllable repertoire size
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Figure 3.1 Syllable repertoire size as a function of song repertoire size in 34
male song sparrows.
The two measures of song complexity, song repertoire size and syllable
repertoire size, are strongly positively related. Solid line denotes the line of
best fit (simple linear regression).

Coefficient of variation
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Figure 3.2 Coefficient of variation as a function of spectrogram cross
correlation coefficient in 31 male song sparrows.
The two measures of song stereotypy, spectrogram cross-correlation
coefficient (SPCC) and the coefficient of variation (CV) are strongly
negatively correlated. Solid line denotes the line of best fit (simple linear
regression).

Constitutive immune function (PC1)
Figure 3.3 Constitutive immune principal component 1 (PCI) as a function of
song repertoire size in 20 male song sparrows.
PCI is an index of immunity generated from a principal components analysis.
Microbicidal activity loaded negatively to this component, and peripheral
blood lysozyme concentrations loaded positively to this component. Song
repertoire size did not explain a significant proportion of the variation in PC 1. 1

Constitutive immune function (PC1)
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Figure 3.4 Constitutive immune principal component 1 (PCI) as a function of
syllable repertoire size in 20 male song sparrows.
PCI is an index of immunity generated from a principal components analysis.
Microbicidal activity loaded negatively to this component, and peripheral blood
lysozyme concentrations loaded positively to this component. Syllable repertoire
size explained a significant proportion of the variation in PCI

Figure 3.5 Constitutive immune principal component 2 (PC2) as a function of (a) song repertoire size, and (b) syllable repertoire size
in male song sparrows.
PC2 is an index of immunity generated from a PCA. Macrophage phagocytic activity loaded negatively to this component, and
hemagglutination scores representing natural antibody titer concentrations loaded positively to this component. Neither song repertoire
size (a), nor syllable repertoire size (b),explained a significant proportion of the variation in constitutive immune PC2.
-t*.

OJ

Percent phagocytosis E.coli
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Figure 3.6 Macrophage phagocytic activity against E. coli as a function of song
repertoire size in male song sparrows.
Song repertoire size was negatively associated with macrophage activity,
measured as percent phagocytosis of E. coli.

Percent phagocytosis E.coli
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Syllable repertoire size

Figure 3.7 Macrophage phagocytic activity against E. coli as a function of
syllable repertoire in male song sparrows.
Syllable repertoire size in male song sparrows was negatively, although not
significantly, associated with macrophage activity against E. coli.
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(Figure 3.8, R2=0.13, p=0.012, N=28), although not with syllable repertoire size
(R2=0.019, p=0.864, N=28).
Male song sparrows with larger song repertoires had higher NAb titers (Figure 3.9a,
R2=0.45, p=0.032, N=30) and circulating haptoglobin concentrations (Figure 3.10a,
R2=0.42, p=0.050, N=26). Song repertoire size did not predict lysozyme concentrations
(R2=0.031, p=0.763, N=31). Syllable repertoire size was positively associated with NAb
titer, although not significantly so (Figure 3.9b, R2=0.38, p=0.068, N=30), and did not
significantly predict lysozyme concentrations (R2=0.034, p=0.16, N=31). Syllable
repertoire size was positively and significantly predictive of haptoglobin concentrations
(Figure 3.10b, R2=0.15, p=0.045, N=26), although this relationship appears to be driven
largely by a small number of data points with high haptoglobin levels.
3.4 Song Stereotypy as an Indicator o f Constitutive Immunity SPCC did not predict
immune PCI (R2=0.05, p=0.17, N=19) or PC2 (R2=0.01, p=0.28, N=19). CV was
positively associated with immune PCI, although not significantly so (Figure 3.11,
R2=0.05, p=0.097, N=19).

N o relationship was observed between\CV and immune PC2

(R2=0.06, p=0 85, N=19).
3.5 Constitutive immunity and steroid hormone levels Baseline corticosterone
concentration was not significantly correlated with any of the assays of constitutive
immune function (Table 3.3). However, plasma testosterone concentration was negatively
associated with and explained a significant proportion of variation in the phagocytic
activity of macrophages (Figure 3.12, R2=0.24, p=0.049, N=24). Testosterone was not
found to be associated with the measures of song complexity that were associated with
macrophage phagocytosis of E.coli (song repertoire size: R =0.02, p=0.93, N=32;

Percent phagocytosis S. aureus
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Figure 3.8 Macrophage phagocytic activity against S. aureus as a function of
song repertoire size in male song sparrows.
Song repertoire size in male song sparrows was negatively associated with
macrophage phagocytic activity for S. aureus.

__________ ;............................ ........... .............. x'......................... ...........................................................................

......

Figure 3.9 Predictive value of song complexity (song and syllable repertoire size) for peripheral blood natural antibody titer in male
song sparrows.
Hemagglutination of rabbit erythrocytes is directly correlated with natural antibody titer. The graphs above depict hemagglutination
scores in 30 male song sparrows as a function of (a) song repertoire size and (b) syllable repertoire size in 33 male song sparrows.
Solid line (a) denotes a significant positive correlation; dashed line (b) denotes a near-significant positive correlation. The x and y-axis
units are derived from linear predictors generated by GLMs.

-t.

Figure 3.10 Haptoglobin concentrations as a function of (a) song repertoire size, and (b) syllable repertoire size in male song sparrows.
The graphs depict peripheral blood haptoglobin concentrations in 26 male song sparrows as a function of (a) song repertoire size and
(b) syllable repertoire size. Solid line denotes line of best fit (simple linear regression). Both measures of song complexity are
significantly positively related to circulating haptoglobin.
.&■
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Figure 3.11 Constitutive immune principal component 1 (PCI) as a function of
song coefficient of variation in male song sparrows.
PCI is an index of immunity generated from a PCA. Microbicidal activity loaded
negatively to this component, and peripheral blood lysozyme concentrations
loaded positively to this component. Coefficient of variation in 21 male song
sparrows was positively, but not significantly, associated with constitutive
immune PCI.
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T able 3.3 Pearson’s correlation coefficients between plasma corticosterone

levels and immune variables in male song sparrows.
Pearson’s correlations between baseline corticosterone level and eight measures
of innate immunity in male song sparrows. Corticosterone was unrelated to any
of the immune components measured.

Im m une V ariable

C orrelation w ith
corticosterone
(P earson’s r)

P

N

E. co li 8739
(proportion killed)

-0.02

0.91

34

E. co li (51813)
(proportion killed)

0.02

0.90

34

0.57

30

C. albican s (10231)
(proportion killed)
E. co li ph agocytosis

-0.03

0.88

29

S. au reu s
phagocytosis

-0.15

0.45

29

H aptoglobin
(m g/m L )

-0.16

0.41

V27

H em agglutination

0.08

0.67

33

L ysozym e (pg/m L )

-0.02

0.93

31

Percent phagocytosis E. coli
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Figure 3.12 Macrophage phagocytosis against E. coli as a function of plasma
testosterone levels in male song sparrows.
Circulating levels of testosterone in 32 male song sparrows were significantly
negatively associated with macrophage phagocytosis of E. coli. Solid line denotes
added variable plot regression line, incorporating capture date as a covariate.
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syllable repertoire size: R2=0.08, p=0.60, N=32). However, testosterone was found to
vary based on the date of capture (Figure 3.13, R2=0.42, p=0.016), with individuals
captured toward the end of April having higher circulating levels than those individuals
captured earlier in the month.

Testosterone (ng/mL)
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Figure 3.13 Plasma testosterone levels in male song sparrows in relation to
capture date.
A significant positive relationship was observed between capture date (days since
January 1st, 2010) and circulating testosterone level in 32 male song sparrows.
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4 D iscussion

I examined multiple aspects of constitutive immune function, and found that they
clustered into two negatively correlated suites of traits. This pattern suggests there exist
trade-offs within the immune system such that no single measure of immunity is likely to
suffice in assessing ‘immunocompétence’. As expected, my two measures of song
complexity (song and syllable repertoire sizes) were correlated, as were my two measures
of song stereotypy (SPCC and CV), but complexity and stereotypy were not themselves
related. Thus, these aspects of song appear to reflect multiple rather than redundant
messages (Johnstone 1996). Also consistent with Johnstone’s Multiple Message
Hypothesis, song complexity and song stereotypy show different relationships with
immunity. Song complexity was positively related to levels of protective proteins but
negatively related to aspects of cellular immunity, whereas song stereotypy appeared
unrelated to any of the immune variables measured. In light of the apparent trade-offs
observed within constitutive immune function, it is perhaps not surprising that the
relationship between sexually selected traits and immunity is ymore complex than
originally hypothesized by good genes models.
4.1 T rade-offs in C onstitutive Im m u n e F unction

In an effort to get a broad understanding of the degree of investment in self
maintenance, a variety of assays were performed. These assays were chosen to address
components of the immune system, which have specific protective functions, and interact
to provide whole-body protection on a constitutive level (Janeway 2005, Millet et al.
2007, Matson et al. 2005). The positive and negative relationships observed between the
various components of constitutive immunity emphasize the importance of taking a
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comprehensive approach when studying immune system function in free-living
vertebrates. Whereas many field studies examine only a single component of immunity
and implicitly assume positive correlations throughout the immune system (e.g. Saino et
al. 2003, Raberg et al. 2003, Garamszegi et al. 2004, Greenman et al. 2005, Xu and Wang
2010), I observed two major suites of correlated traits regarding constitutive immunity in
breeding male song sparrows. Individuals generally expressed either high levels of
cellular immunity (high microbicidal and phagocytosis scores) or high levels of
protective proteins (haptoglobin, lysozyme and agglutination scores), such that peripheral
blood cellular immunity was negatively correlated with circulating levels of protective
proteins (Tables 3.1, 3.2). Moreover, the observed tendency for killing of E. coli 8739
(humoral dependent) to be positively related to haptoglobin concentrations suggests that
individuals able to invest in one protective protein (natural antibody) are also likely able
to invest in another (haptoglobin). Conversely, concentrations of another protective
protein (peripheral blood lysozyme) were negatively related to both microbicidal activity
toward C. albicans and macrophage phagocytic activity toward E>coli. As illustrated in
\

Table 3.2, for both PCI and PC2, assays of cellular immunity (microbicidal capacity
toward E. coli 51813 and C. albicans, and phagocytosis of E. coli) load negatively onto
their respective components, while assays of protective proteins (lysozyme and
hemagglutination) load positively. Collectively, these patterns suggest that some
individuals rely primarily on circulating cellular immunity while others invest more in the
production of protective proteins. This type of pattern in immunity has been previously
documented in mice, where physiological shifts yielded a partially suppressed functional
capacity of the immune system without loss of resistance to infection (Keil et al. 2001).
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However, to my knowledge, my findings represent the first demonstration of withinsystem trade-offs using these assays of immunity, and imply individual variation in the
type of constitutive protection.
Consistent with previous findings in other species (red knots, Calidris canutus
islándica; Buehler et al. 2009b), I observed a positive relationship between the
microbicidal capacity of peripheral blood for the two microbial strains whose elimination
requires cellular immunity (E. coli 51813 and C. albicans 10231). As these microbial
strains represent different classes of microbe, each with a distinct pathogen-associated
molecular pattern, their associated pathogen recognition receptors are different (Janeway
2005). This positive relationship likely reflects individual variation in defense against a
broad array of microbes of different classes. In turn, this suggests that the observed
variation in microbicidal activity of peripheral whole blood may be based on effective
pathogen elimination by broad-scale cellular immunity, rather than on the ability to
recognize specific pathogens. If so, a candidate mechanism might be individual variation
in levels or activities of circulating heterophils and macrophages,

y

Microbicidal activity toward E. coli 8739 did not correlate with microbicidal
activity toward the other two strains. Similarly, Tieleman and colleagues (2010) found no
correlation between the elimination of E. coli 8739 and C. albicans in European
stonechats {Saxícola torquata rubicola). As elimination of this E. coli strain is dependent
on humoral rather than cellular immune components (Matson et al. 2006a, Millet et al.
2007, Liebl and Martin 2009), it is not surprising that the elimination of this strain is not
correlated with ability to eliminate the other two strains.
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Contrary to my expectations, macrophage phagocytosis of E. coli was not
positively correlated with elimination of E. coli (51813) despite the fact that this strain is
attacked primarily by cellular components of immunity. The lack of relationship would
suggest that, at least in song sparrows, the elimination of E. coli (51813) is driven
primarily by heterophil activity, and possibly other non-cellular components, rather than
by macrophage activity. This is likely the case as heterophils are the most predominant
polymorphonuclear cell in the peripheral circulation in birds (Juul-Madsen et al. 2008). In
addition, as illustrated in Table 3.1.1,1 found no correlation in macrophage phagocytosis
of the two different microbes used (E. coli and S. aureus). This may be explained by
distinct pathogen recognition receptors for these different classes of microbe (Janeway
2005).
Based on the complement cascade classical pathway, I had predicted that the
elimination of E. coli 8739 would be positively correlated with agglutination and lysis
scores from the HL-HA assay (Matson et al. 2005, Buehler et al. 2009b). The classical
pathway of the complement cascade is indicated by the recognition of foreign bodies by
\

circulating natural antibodies, and the subsequent lysis and/or opsinization of pathogens
through a complement proteolytic cascade and/or phagocytosis (Janeway 2005). While
these two methods assay the same pathway, they were not found to be correlated (Tables
3.1, 3.2). There are two possible explanations for this, the first being methodological and
the second being ecological. First, of the 36 individuals sampled for agglutination and
lysis, only 4 (11%) showed lysis.

Agglutination in this assay is driven by natural

antibody titer, and lysis relies on heat-labile: complement proteins, indicative of the
classical pathway (Matson et al. 2005). Since samples were stored on ice packs for
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several hours prior to being spun and frozen, complement proteins may have degraded.
However, we might still expect to see a correlation with the agglutination scores. As it
has been shown previously (Buehler et al. 2009b) that these two assays were correlated, it
is possible the duration that the plasma was stored compromised the integrity of the
proteins of interest. In addition, the microbicidal assay was not run with plasma, but with
whole live blood. As such, it is not possible to rule out partial cellular elimination of the
inoculate.
An alternative explanation may also contribute to the observed lack of
relationship between agglutination and lysis, and microbicidal efficacy against E. coli
8739. While these two methods assay the same immune system pathway, they do so for
two very different foreign bodies. It may be that the microbicidal assay represents a more
ecologically relevant assay of this pathway, considering the high probability that freeliving birds have come into contact with Gram-negative bacteria such as E. coli during Blymphocyte development (Tizard 2002, Scott 2004, Matson et al. 2005). If so, peripheral
natural antibody may have a greater affinity for Gram-negative bacteria than for other
unfamiliar foreign bodies such as the novel pathogen Rabbit Red Blood Cell. In support
of this hypothesis, I observed much more effective killing of E. coli 8739 (as high as
99%) than of the other two strains. Thus, the lack of correlation may reflect both
methodology and ecology.
An important assumption in the above interpretation is that none of the subjects
were currently mounting a systemic acute phase response, that is, currently fighting
infection. As noted in the Results, this assumption appears justified based on the lack of
extremely high concentrations of acute phase proteins (Kouros and Klasing 2004??).
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4.2 S o n g co m p lex ity a n d stereotypy

As previously described for this population of song sparrows (MacDougallShackleton et al. 2009a), different measures of song complexity (song repertoire size and
syllable repertoire size) were highly correlated with one another. Similarly, different
measures of song stereotypy (SPCC and CV) were also correlated with one another.
However, I observed no relationship between these two different suites of traits. These
results are supportive of both Redundant and Multiple Message Hypotheses (Moller and
Pomiankowski 1993). ..
Because song learning is confined to early life in this species, song complexity
remains unchanged throughout adulthood. As such, it is thought to reflect developmental
quality during early life and may advertise other aspects of male quality that develop on
the same time scale (Nowicki et al. 1998). Conversely, song stereotypy can change
throughout the life of an individual; for example, such that older individuals may sing
more consistently (Botero et al. 2009). Moreover, in other species song stereotypy varies
with pathogen load (Gilman et al. 2007), collectively suggesting tjiat this aspect of song
\

is a relatively dynamic indicator of male quality. Thus, these different aspects of male
song may reflect something of a mosaic, with redundancy within a song trait, but
different traits providing multiple messages regarding the quality of the singer.
4 .3 S o n g a s an In d ica to r o f C o n stitu tive Im m u n ity
S o n g C om plexity a n d C on stitu tive Im m u n e F u n ction

'

Song complexity is a classic, well studied secondary sexual characteristic found to
be associated with various aspects of fitness (Reid et al. 2005a, MacDougall-Shackleton
et al. 2009b), and condition (Reid et al. 2005b) in this and other populations of song
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sparrow. In my study population, syllable repertoire size (a measure of song complexity)
has been found to reflect stress profile, which in turn predicts over-winter survivorship
(MacDougall-Shackleton et al. 2009b). Consistent with my original prediction that the
static nature of song complexity may facilitate an association between this trait and
constitutive immune function, I did observe some significant associations between
measures of song complexity and of immunity. This suggests that females may be able to
use song to infer something about a potential mate’s investment in self-maintenance.
However, consistent with the existence of negative relationships and potential trade-offs
observed among different components of immunity, the relationship between song
complexity and immunity was more complex than originally hypothesized. Syllable
repertoire size was positively related to constitutive immunity as represented by my index
of immunity derived from the PCA, as individuals with larger repertoires had higher
levels of protective protein lysozyme, but lower activity of cellular immunity (Figure 3.4).
Likewise, when considering constitutive immune components separately, I observed that
song complexity was positively associated with levels of proactive proteins, and
negatively associated with the phagocytic activity of macrophages. Collectively these
results indicate that more complex singers are better able to invest in protective proteins,
but show decreased cellular immunity.
In addition, there may be a threshold type association between song complexity
and constitutive immune function as represented by PCI. This may be indicated by the
difference in residual variance seen in Figure 3.4. In this figure, high song complexity is
more tightly associated with immune function' This relationship might suggest that song
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complexity becomes a more accurate indicator of immunity for individuals with the
greatest degree of song complexity.
As previously noted (Table 3.2), most of the variation in immune PCI was
explained by microbicidal activity against E. coli (51813) and C. albicans, and peripheral
blood concentrations of the protective protein lysozyme. Lysozyme concentration loaded
positively onto PCI, and was positively associated with song complexity. Furthermore,
elimination of the two microbial inoculates loaded negatively to this component. This
indicates that individuals with more complex song were less likely to exhibit ex vivo
killing of the microbes in question. Since these microbes require cellular components for
elimination (Millet et al. 2007), low microbicidal activity could be the result of
ineffective recognition^ isolation, and elimination of pathogens by polymorphonuclear
cells, lower levels of circulating cellular immunity, or reduced activation thresholds of
phagocytes (Goodridge et al. 2011). The above explanations are not mutually exclusive,
and regardless of the proximate mechanism responsible, peripheral whole blood from
individuals with larger syllable repertoires exhibited decreased ex viyp ability to eliminate
\

the inoculates.
The general pattern of song complexity being positively associated with
protective proteins, and negatively associated with cellular immunity, was also observed
when considering individual measures of immunity.

Surprisingly, while the general

index of immunity (PCI) was associated with song complexity (syllable repertoire size),
the individual microbicidal assays were not. However, the overall pattern of association
between song complexity and cellular immunity observed in the PC regression analysis
was reflected with macrophage phagocytic activity. Blood from individuals with more
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complex song, as represented by song and syllable repertoire size, engulfed
proportionately fewer gram-negative and gram-positive bacteria. The correlative patterns
in constitutive immunity demonstrated by correlation analysis and by PCA reveal trade
offs within the immune system as well as relationships between immune measures and
song complexity.
Indicator models of sexual selection often implicitly assume self-maintenance to
be a single trait, correlated negatively, positively or not at all with secondary sexual
characteristics. However, as revealed by my assessment of immune function (observed
within immune system trade-offs) and consistent with other findings (Matson et al.
2006b) the links between self-maintenance and life histories are complex. Developmental
quality during early life, reflected by song complexity in song sparrows (Nowicki et al.
1998), may mediate the observed variation in self maintenance strategies that I observed.
The avian immune system is unique in that B lymphocyte development is restricted to the
bursa of Fabricius where antibody diversity is limited to a brief period during early
development, setting the stage for adult humoral immunity (Scotj 2004). I found that
individuals with more complex song had higher natural antibody titers, which may infer a
greater capacity for adaptive humoral immunity (Lee et al. 2008, Parmentier et al. 2001,
2004). In addition, natural antibody in conjunction with proteolytic complement cascade
plays a unique and integral role in linking constitutive innate immunity with adaptive
immunity (Ochsenbein et al. 1999, Ochsenbein and Zinkemagel 2000). Thus, early
developmental quality may drive the observed trade-offs, by allowing for more complete
humoral immune development and thus decreased reliance on cellular immunity. This
would be reflected in the positive association observed between song complexity and
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natural antibody titer in song sparrows. Indeed, links between early developmental and
variations in adaptive humoral immunity have been observed in an ecological context.
Empirical work has shown that development of this branch of immunity is influenced by
ontogeny as well as having a heritable component (Raberg et al. 2003, Arriero 2009), and
that individual quality may mediate the response efficacy in adults during reproduction
(Ardia 2005a). Thus, it may be that song complexity is an indicator of direct and indirect
benefits of adaptive humoral immunity in song sparrows, which future studies might
address.
S o n g S tereotypy a n d C on stitu tive Im m u n e F unction

For the subset of individuals whose repertoires were recorded in 2010,1 found no
relationship between immunity and song stereotypy (SPCC and CV). Thus, I did not
investigate further the possible relationships with individual immune measures. However,
measures of stereotypy can vary with age (Botero et al. 2009) as can some of the immune
assays performed (Millet et al. 2007, Buehler et al. 2008, Tieleman et al. 2010). It is
possible that the lack of relationship I observed may stem from a possible age confound.
\

My expanded sampling regime involved capturing some males off the main site in order
to increase sample size, but unfortunately this meant that many males’ ages were
unknown. Repeated annual song recordings and assessment of constitutive immunity for
individuals of known age may reveal a relationship between song quality and immunity.
4 .4 S te ro id H orm on es a n d Im m u n ity
C orticosteron e

None of the assays of constitutive innate immune function were found to be
associated with circulating levels of corticosterone. As previous work suggests, these
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particular assays do co-vary with corticosterone levels in other songbirds (Matson et al.
2006a, Millet et al. 2007, Buehler et al. 2008). I interpret the lack of observed
relationship here as confirming that samples were collected within a sufficiently short
window of time (within 3 minutes of

capture) to rule out handling stress as a

confounding variable.
T estosteron e

I found that a significant proportion of the variation in macrophage phagocytic
activity was explained by plasma testosterone levels; males with high circulating
testosterone had less phagocytic activity by macrophages (Figure 3.12). This negative
association suggests life history-based immune system modulation via macrophage
activity. This is explainable in consideration of the important role that macrophages play
in mediating immune and inflammatory responses (Klasing 1998), and the seasonality of
immunity in song sparrows (Owen-Ashley and Wingfield 2006).
Androgens have been proposed to play a role in linking life history to self
maintenance (Folstad and Karter 1992). Empirical work has revealed that the link
\
)

\

between androgens and immunity is complex and that testosterone can have both
suppressive and non-suppressive effects on immunity (Heggen et al. 2000, Owen-Ashley
et al. 2004, Greenman et al. 2005, Ruiz et al. 2010, Tobler et al. 2010). In humans with
rheumatoid arthritis, for example, testosterone/estrodiol ratios have been directly
associated with levels of pro-inflammatory cytokines (IL-1, IL-6, TNF-a) (Cutolo and
Calvia 2007). These individuals have lower testosterone levels due to increased
aromatase enzyme activity. Aromatization converts testosterone to estrogens. Estrogens
then have modulatory effects on immune affector cells such as macrophages, yielding an
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increase in pro-inflammatory cytokines. Conversely, individuals with higher levels of
circulating testosterone have lower levels of pro-inflammatory cytokines and
immunosuppresion of acute inflammatory responses (Cutolo and Calvia 2007).
Macrophages are a key regulator in these dynamics (Castagnetta et al. 1999). The role of
these immune effecter cells may become fundamental in driving inflammatory responses,
as they produce and secrete important cytokines (IL-ip, IL-6, TNF-a), chemokines, and
cytokine inhibitors (Klasing 1998). Moreover, a study by Owen-Ashley et al. (2004)
suggested aromatization (the conversion of testosterone to estrogens) as a possible
explanation for the seasonal suppression of acute phase response in breeding song
sparrows. Collectively, these findings indicate that sex steroid concentrations are closely
associated with, and may have modulating effects on, the activation of inflammatory
responses, and that the production of pro-inflammatory cytokines by macrophages may
be essential in regulating these dynamics.
The observed association between testosterone and macrophage activity can be
placed in ecological context for breeding male song sparrows,^ in consideration of
endocrine reproductive physiology and song sparrow breeding life history. Circulating
levels of testosterone are known to be tightly associated with breeding behaviour
(Wingfield 1984). My sampling period (7-28 April) began when most females would
have been approaching ovulation and ended when females were beginning to lay eggs
and initiate incubation (based on field observations). This period is associated with
increased male aggression and mate guarding, which is associated with increases in
circulating testosterone (Wingfield 1984). The increase in testosterone I observed
throughout the sample period (Figure 3.13) further suggests that during the study period
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males were experiencing shifts in endocrine reproductive physiology, and likely
prioritizing reproduction over self-maintenance.
Based on their life history stage during sampling for this study, males sampled
would have been highly aggressive and engaging in the above described mate guarding
behaviors, which are key for males to ensure successful breeding and to protect paternity
(Hill et al. 2011). These breeding behaviors are also seasonally traded-off with innate
immune responses. Breeding-stage male song sparrows have been shown to invest in
reproduction rather than self maintenance when it comes to mounting an acute phase
response (Owen-Ashley and Wingfield 2006, Adelman et al. 2010a, 2010b). My results
are consistent with this pattern as macrophages are key regulators in modulating these
costly inflammatory responses. Collectively, these findings suggest a proximate
mechanism for previously observed trade-offs between current reproductive effort and
self-maintenance.
4 .5 C onclusion

.

-.N.

Overall, I observed a pattern of constitutive immunity that suggests within-system
trade-offs. This pattern was associated with measures of song complexity. Consistent
with my predictions, this suggests that a static trait such as song complexity is a more
reliable indicator of immune function. The dynamic aspect of song, song stereotypy, was
not found to reliably indicate constitutive immune function. Yet, male song sparrows
with more complex song had significantly higher levels of circulating protective proteins
(natural antibody, haptoglobin and lysozyme), but showed decreased levels and/or
activity in peripheral blood cellular immunity. Higher levels of natural antibody in the
periphery in more complex songsters might indicate increased adaptive humoral immune
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capacity, and thus a decreased need for high cellular activity. The patterns of activity
associated with cellular immunity and the observed relationship to testosterone suggests,
that decreased cellular activity could be adaptive immune system modulation. The trade
off in immunity may allow individuals to optimize breeding effort in a way that maintains
the provision of self-maintenance. This explanation is based on an understanding of the
relationship between the breeding ecology of song sparrows, and the most costly of
aspects of immune system activation the systemic acute phase response (Janeway 2005,
Klasing 2004). Depressed cellular immunity may be adaptive during the breeding season,
as it may decrease the likelihood of having a systemic acute phase response. The acute
phase response is the most costly defense component, and phagocytes play a critical role
in the mediation of innate immune responses (Janeway 2005). Empirical evidence
suggests that organisms tend to trade-off between mounting an acute phase response and
reproduction (Bonneaud et al. 2003, Owen-Ashley and Wingfield 2006,2007). Curbing a
costly acute phase response while maintaining high levels of protective proteins, could
afford protection and simultaneously allow individuals to maximally invest in
reproductive effort.
To conclude, this study revealed complexities associated with strategies in self
maintenance, as they were associated with song complexity, a secondary sexual
characteristic in song sparrows. I found that song complexity (a permanent aspect of song
in this species) is more reliable than song stereotypy (a dynamic aspect of song) as an
indicator of immune function. As indicated by the relationships between the various
components of immunity, future work should further explore possible trade-offs in an
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active system by assessing systemic acute phase response and adaptive humoral immune
response efficacy in breeding males.
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A p p e n d ix A. The immune defense component model (IDCM)

The figure is a conceptualization of the immune system developed by
Martin et al. (2008). The model illustrated below is based off original
diagrams created by Schmid-Hempel and Ebert (2003), and separates
immune defenses into 4 distinct quadrants oriented based on the
activation of the immune system and the branch involved in defense.
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